Abstract: The importance of considering bone quality during oral implant treatment is increasingly being recognized. Assessment of bone quality in response to changes in the jaw bone is extremely important when planning treatment. The present study analyzed biological apatite (BAp) crystallites, a bone quality factor, in order to investigate crystallographic anisotropy in dentate and edentulous human mandibles. Using mandibular samples from Japanese adult cadavers, a region of interest was established comprising cortical bone in the central incisors. Samples were classified into five morphological categories based on the extent of bone resorption. Bone mineral density (BMD) was measured and diffraction intensity ratios were calculated using a microbeam X-ray diffraction system. While no differences were observed in BMD, differences were observed in BAp crystallite alignment between the measurement points. In the alveolar region, samples with residual alveolar bone showed strong alignment in the occlusal direction, while samples with marked alveolar bone resorption had preferential alignment in the mesiodistal direction. The present findings suggest that tooth loss and the extent of alveolar bone resorption affects bone quality in the mandible.
INTRODUCTION
Oral implant treatment has recently become a popular prosthetic approach for tooth loss. With an overall implant survival rate of >95%, particularly high survival rates have been reported for mandibular dental implants, as compared with maxillary dental implants.
1,2 Conversely, Chrcanovic et al. 3 attributed oral implant treatment failure to insufficient bone quality in addition to systemic disease and environmental conditions. Alsaadi et al. 4 suggested that bone quality may affect successful osseointegration, reporting decreased bone quality as a local factor for early implant loss.
At the 2000 National Institutes of Health Consensus Development Conference, bone quality was proposed as an important factor affecting bone strength. 5 In particular, it has been proposed that the evaluation of fracture risk in osteoporosis is improved by adding assessment of not only bone mineral density (BMD) but also bone quality to the diagnostic tool. 6 Bone quality parameters include bone metabolism and microstructure and the presence of microcracks, and various experimental tools have been established to evaluate each bone quality factor. 7 Among these factors, biological apatite (BAp) crystallites are highly resistant to compressive loads; therefore, increasing focus is being given to the use of BAp crystallite alignment analysis to accurately predict the mechanical environment. [8] [9] [10] [11] BAp crystallites have a highly anisotropic hexagonal ionic structure with a high Young's modulus in their preferential alignment direction. 10 In femurs with osteoporotic patients as controls, BMD is lower when compared with normal subjects, but it has been reported that the length, width and orientation of the crystals do not change, and that they show resistance in the direction of the mechanical function. 12 Improved bone quality is likely to increase bone strength and thereby implant success rate in dentistry. Nakano et al. 11 evaluated BAp crystallite alignment in animal ulna, parietal bone, and mandible and reported differences in mechanical function in each bone type. Recent studies have shown that the preferential alignment of BAp crystallites in the human dentate mandible differs between the alveolar region and the base of the mandible. [13] [14] [15] However, many details remain to be clarified regarding structural anisotropy and the mechanical environment of the alveolar region in the human mandible. Bone resorption is accompanied by tooth loss from the alveolar region of the human mandible, resulting in marked changes in both bone strength and structural characteristics, as well as external appearance. 16, 17 Prior to oral implant treatment, it is particularly important to obtain qualitative data regarding the affected jaw bone and to consider the nerves and arteries running through and around the bone in accordance with bone resorption volume and implant site. 18 In the
McGill consensus statement, oral implant treatment in the anterior region was proposed as being effective for edentulous mandible. 19 Evaluation of bone quality is essential in order to achieve more accurate oral implant treatment. The present study aimed to clarify the structural anisotropy in the human dentate and edentulous mandible by quantitatively evaluating bone quality. : A) dentate mandible; B) edentulous mandible with high, well-rounded alveolar region (time since tooth extraction: ≤ 6 months, 6 months-2 years); C) edentulous mandible with high, knife-edge alveolar region (2-20 years); D) edentulous mandible with low, well-rounded alveolar region (≥20 years); and E) edentulous mandible with low, depressed alveolar region (≥20 years) with three samples in each category [ Fig. 1(A) ]. Furthermore, the morphological categories were grouped into dentate samples (group α; A), and edentulous samples with residual alveolar bone (group β; B, C) or marked alveolar bone resorption (group γ; D, E). The midline was defined as the mesioproximal surface of the mandibular central incisors in the dentate After fixation in 10% formalin and ethanol dehydration, samples were embedded in autopolymerizing acrylic resin and sagittally sectioned using a saw microtome with a blade width of 300 μm (SP1600; Leica, Wetzlar, Germany). Samples were then sanded to a thickness of 200 μm using wet/-dry sandpaper of increasing grit (#400, #800, and #1200).
MATERIALS AND METHODS

Samples
Scanning electron microscopy (SEM)
A polished cross section was imaged using scanning electron microscopy (SEM; SU6600, Hitachi, Japan) to observe the cortical bone structure. As BAp crystals do not exist in the Havers canal, the interstitial lamella surrounding the osteon was taken as the measurement point.
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Micro-computed tomography (micro-CT) Micro-CT (HMX225 Actis4; Tesco Corporation, Tokyo, Japan) was performed to examine sample macrostructure under the following imaging conditions: tube voltage, 140 kV; tube current, 100 μA; matrix size, 512 × 512; magnification, × 2.5; slice width, 50 μm; and slice pitch, 50 μm. A region of interest was established from alveolar crest to the base of the mandible. Tomography was carried out without using aluminum or copper filters. Three-dimensional structural analysis was performed using TRI/3 D-BON software (RATOC System Engineering, Tokyo, Japan).
Measurement sites
Measurements in the alveolar region were made at the following four points in the cortical bone at the stated distance below the alveolar crest: I, 8 mm on the labial side; II, 4 mm on the labial side; III, 4 mm on the lingual side; and IV, 8 mm on the lingual side. In the base of the mandible, measurements were made at the following four points in the cortical bone at the stated distance above the inferior border of the mandible: V, 8 mm on the labial side; VI, 4 mm on the labial side; VII, 4 mm on the lingual side; and VIII, 8 mm on the lingual side [ Fig. 1(B) ].
Bone mineral density (BMD) BMD was measured using micro-CT depicting the same area as the regions of interest defined above. Epoxy resin phantoms (φ6 × 1 mm) containing hydroxyapatite were used. Phantom densities were as follows: 800 mg/cm 3 , 700 mg/cm 3 , 600 mg/cm 3 , 500 mg/cm 3 , 400 mg/cm 3 , FIGURE 2. Region of interest in the edentulous mandible. The region of interest was defined as a vertical section of the mandibular plane 2.75 mm from the midline, which was marked by the mental spine. 300 mg/cm 3 , and 200 mg/cm 3 . Based on the calibration curve created by micro-CT imaging of the phantoms, BMD of points I-VIII were calculated for each sample using TRI/3 D-BON-BMD-PNTM2 software (RATOC System Engineering, Tokyo, Japan).
Biological apatite (BAp) crystallite alignment Quantitative analysis of BAp crystallite alignment was conducted using an optical curved imaging plate (IP) X-ray diffraction system (XRD; D/MAX RAPID II-CMF; Rigaku Corporation, Tokyo, Japan). Measurements were performed in reflection and transmission modes with Cu-Kα as the radiation source at a tube voltage of 40 kV and tube current of 30 mA. Reference axes were established in the mesiodistal (x-axis), occlusal (y-axis), and labiolingual (Z axis) directions for each sample (Fig. 3) . The radiation site was determined using a light microscope (magnification, × 0.6-4.8). An incident beam with a diameter of 100 μm was applied, centered on the interstitial lamella surrounding the osteon. Reflection mode was used in the x-axis and transmission mode in the Y and Z axis directions, respectively, and the diffracted X-ray beam was detected using a curved IP based on the conditions described by Nakano et al.
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The diffracted X-ray beam was detected as a diffraction ring on the IP. Using 2 D Date Processing software (Rigaku Corporation, Tokyo, Japan), X-ray diffraction intensity ratios were calculated for the two diffraction peaks corresponding to planes 002 and 310. Calculations were performed three times at each measurement point and the mean X-ray diffraction intensity ratio was used as the calculated value.
Statistical analysis
Differences between the morphological categories regarding the alveolar region and the base of the mandible were analyzed using one-way analysis of variance followed by Tukey's multiple comparison test. In addition, a t test was used to compare the alveolar region and the base of the mandible. Significance was set at P < 0.05.
RESULTS
Cortical bone surface observation SEM magnified the cortical bone cross section by 110 times on image (Fig. 4) . In the cortical bone, normal osteon and surrounding interstitial lamella were observed. It was confirmed that the interstitial lamella can be sufficiently targeted at the incident beam with a diameter of 100 μm.
BMD BMD at each measurement point is shown in Table I . BMD for each category (A-E) was evaluated using the mean values for measurement points I-IV and V-VIII, respectively (Fig. 5) . No significant differences were observed in BMD between the alveolar region and the base of the mandible or between categories A-E.
BAp crystallite alignment
The X-ray diffraction intensity ratios on the x-axis at each measurement point are shown in Table II . The X-ray diffraction intensity ratios on the x-axis for each category (A-E) were evaluated using the mean values for measurement points I-IV and V-VIII, respectively (Fig. 6 ). In the alveolar region, significantly lower intensity ratios (indicating a low degree of BAp crystallite alignment) were noted on the xaxis in the categories with residual alveolar bone (A-C) when compared to those with marked alveolar bone resorption (D and E). Conversely, no significant differences were observed between the categories in the base of the mandible.
The X-ray diffraction intensity ratios on the y-axis at each measurement point are shown in Table III . The X-ray diffraction intensity ratios on the y-axis for each category (A-E) were evaluated using the mean values for measurement points I-IV and V-VIII, respectively (Fig. 7) . In the alveolar region, significantly higher intensity ratios (indicating a high degree of BAp crystallite alignment) were noted in the categories with residual alveolar bone compared to those with marked resorption. In the base of the mandible, significant differences were observed between categories A and C, and B and E; however, overall intensity ratios were low. The X-ray diffraction intensity ratios on the Z axis at each measurement point are shown in Table IV . The X-ray diffraction intensity ratios on the Z axis for each category (A-E) were evaluated using the mean values for measurement points I-IV and V-VIII, respectively (Fig. 8) . Overall Xray diffraction intensity ratios were low and while significant differences were observed between categories A and B, and A and E in the alveolar region, no significant differences were observed in the base of the mandible. . BAp crystallite alignment in the alveolar region and the base of mandible in the x-axis (mesiodistal) direction. Diffraction intensity ratios calculated from the (002)/(310) peaks are shown on the vertical axis and morphological categories on the horizontal axis. In the alveolar region, intensity ratios were significantly lower in categories A, B, and C compared to D and E. All ratios in the base of the mandible were high.
The X-ray diffraction intensity ratios are compared between the alveolar region and the base of the mandible in each group (Fig. 9) . In groups α and β, uniaxial preferential alignment was noted on the x-axis in the base of the mandible and on the y-axis in the alveolar region. No anisotropic BAp crystallite alignment was shown in group γ.
DISCUSSION
BMD
Many studies have been published regarding BMD in the jaw bones; however, results vary depending on the measurement method and site. Previous studies have reported that BMD in human edentulous jaw bones differs depending on the bone region, with the highest values found in the anterior mandible. 21, 22 However, the present study showed no significant differences in BMD between the alveolar region and the base of the mandible, regardless of the extent of alveolar bone resorption. This is consistent with another recent study. 14 Thus, localized bone evaluation based solely on BMD is clearly problematic.
BAp crystallite alignment
A high degree of preferential alignment in the occlusal (y-axis) direction was shown in dentate mandibles and in the alveolar region with residual alveolar bone in edentulous mandibles. As the extent of bone resorption increased in this region, preferential alignment in the occlusal direction decreased significantly. In experiments on monkey mandibles, the c axis of BAp crystallites was aligned along the long axis in the mesiodistal direction but in the vicinity of the teeth, alignment changed to the direction of occlusal pressure. 11 BAp crystallite alignment depends on the presence of teeth and change in the jaw bone. 23 Preferential alignment in the occlusal direction in the alveolar region in the anterior tooth of the human dentate mandible has also been reported. 14 The results of the present study regarding dentate mandibles and edentulous mandibles with residual alveolar bone are consistent with the findings of these previous studies. Therefore, the differences in BAp crystallite alignment observed in the present study may be attributable to the mandible becoming less sensitive to mechanical stress due to tooth loss or alveolar bone resorption and subsequent loss of homeostasis.
The presence or absence of dentition had a greater effect on mandibular alveolar bone resorption than aging or sex. 24 Furthermore, animal experiments decreased alveolar bone osteogenesis and mechanical properties with decreased occlusal function. 25 BAp crystallite alignment before and after implant placement in the peri-implant bone region has been studied in beagles, and a high degree of preferential alignment in the direction of load transmission surrounding implant was reported. 26, 27 Meanwhile, Nakano et al. analyzed bone quality during post-fracture bone healing and found that recovery of Young's modulus strongly correlated with increased BAp crystallite alignment rather than with BMD. 28, 29 In the present study, the degree of BAp crystallite alignment in the occlusal direction was high in samples with residual alveolar bone even after tooth loss and low in samples with marked alveolar bone resorption. As drilling during dental implant placement involves bone destruction, post-implant healing is comparable to that after bone fracture. 30, 31 Since it was reported at the 4th International Team for Implantology Consensus Conference that conventional implant loading should be performed at least 2 months after implant placement, this timing has been widely adopted in clinical practice. 32 In patients with residual alveolar bone, bone quality is maintained and rapidly reaches optimal status after implant placement. It has been reported that the periimplant bone is histologically strengthened by immediate implantation after healing of the extraction tooth and immediate loading. 33 Conversely, in patients with marked alveolar bone resorption, bone quality becomes worse in addition to bone density and bone recovery is likely to require more time. Therefore, in patients with marked alveolar bone resorption, the implant placement method and load condition and timing should be carefully decided.
Findings in the present study regarding alignment in the mesiodistal direction were consistent with the recent study, with strong alignment in the alveolar region correlating with greater bone resorption. 34 This is thought to result from acquisition of preferential alignment in the mesiodistal direction in the form of new long bone following loss of preferential alignment in the occlusal direction in the edentulous mandible.
CONCLUSION
The results of the present study clarified that marked alveolar bone resorption caused loss of BAp crystallite alignment in the alveolar region. In the face of marked alveolar bone resorption, deterioration of bone quality factors means that the role of alveolar bone in providing tooth support is likely to be lost even if bone density is retained. Even with local osteogenesis after implant placement, more time will be required for optimization of bone quality to be reached. Therefore, in patients with marked alveolar bone resorption, implant placement method and load condition and timing should be carefully decided.
